GRAIN-REFINEMENT AND THE RELATED
11. Experimenta1s.-A 7 kg-ingot of a mother alloy with the composition Cu-13.66ZAl-3.37ZNi was melt in a graphite crucible with an induction furnace. It was cut into small pieces (100 g) and then remelt in a graphite crucible with an electric resistance furnace under argon atmosphere. After it was melt down a certain amount of titanium supplied in a form of sponge titanium wrapped with aluminium foil was added to the melt. It was stirred and then cast into a graphite mould with a dimension oT 15 rn in diameter and 400 mm in length.
Alloys 1 to 5 were prepared in this way and the chemical composition is civen in Table 1 . HC1 + H O solution. They have been hot-rolled at 900°C to a sheet of 2 mm 2 thickness and then solution-treated at various temperatures from 400 to 1000°C followed by water quenching to room temperature.
Internal friction and Young's modulus werc measured with a specimen of alloys 1 and 5 by means of a transverse vibration method, the size of the specimens being 2 x 10 x 100 mm. Electrical resis~ivity measurements were made by means of a d.c.-four terminal method with the same identical specimen as in the internal friction measurements.
111. Results and Discussion.-Photo 1 shows microstructures of alloys 1,2,3,4, and 5 quenched from 900°C after hot-rolling in small(1eft) and large(right) magnifications. It can be seen that the grain-size of the beta-phase is very large (about 1 mm in average) in alloy 1, where only aluminium foil without sponge titanium has been added to the mclt. In alloys 2,3,4 and 5 a remarkable grain-size refinement is observed and there arc besides a large number of small spherical particles in the grains. Martensitc plates can hardly be seen in these alloys probably due to insufficient etching or Ms-temperatures below room temperature. However, it is shown that they all undergo thermoelastic martensitc transformation at temperatures given in Tables 1 and 2 . Shape memory effect was also observed in all alloy samples as will be described later.
The finc spherical particles seen in alloys 2,3,4, and 5 are called here "x-phase", since the chemical composition and the crystal structure are still not known.
It is seen from Fig. 1 that the volume fraction of the x-phase increases linearly with increasing amount of titanium. Therefore, it is supposed that the x-phase must contain a large amount of titanium, and this was shown to be true by EPMA analysis as will be described in Fig. 5. Fig. 2 shows the effect of heating temperature on the microhardness of alloy samples. Below the betatransus temperatures, which is about 730°C, the structure of the quencheci specimens consists of the procutcctoid gamma 2 phase and alpha + gamma 2 eutectoid (pearlite-like structure) and hence the hardness numbers are rather large, i.e., 360 -410. As the heating temperatures were increased the hardness values fell down steeply at around 730°C, where martensite phase starts to form. Above 730°C the hardness remains rather constant at about 210 -290 up to about 1000°C. alloy ingots, resulting in
equiaxed grains which Fig. 3 Changes in electrical resistivity with made them much more martensite and reverse martensite transformafor the subsequent hot-working.
(2) The grain growth in betations in quenched samples of Cu-Al-Ni-Ti alLoys Solution-treated at 800°C for 1 hr followed by phase range during hot-working quenching to room temperature. and solution-treatment was completely suppressed in the quaternary alloy specimens, average grain-diameter after hot-working and quenching being about 30 microns in comparison with that of about 1 mm in the ternary alloy specimens. This enhanced grain refining effect was confirmed metallographically to be due to the presence of finely dispersed Ti-rich x-phase particIes which had been formed by a peritectic reaction on solidification of the alloy ingots and then broken into small particles during the hot-working and annealing processes. (3) The hot-working ability of the quaternary alloy ingots on forging and rolling was consequently improved to a great extent and hence a higher performance on use of the new alloy material might be expected in the future. (4) The Ms-temperature was not directly influenced by titanium but was simply dependent on the soluble amount of aluminium and nickel in beta-phase. ( 5 ) According to the results of measurements of electrical resistivity, internal friction and Young's modulus a systematic change in the transforniation behaviour with the titanium content was observed; i.e., it changed from a soft thermoelastic martensite type with a small thermal hysteresis ( dT=6"C in alloy 1) to a hard thermoelastic martensite type with a large thermal hysteresis (AT=27OC in alloy 5). The terms "soft" and "hard" arise from "soft and hard-magnetic materials". Although the physical meaning is quite different, it may be convenient to classify shape memory alloys in such a way. The effect of size and volume fraction of the xphase particles on the mobility of interfaces between martensite phase and betaphase was discussed in connection with the previous data.
